Escherichia coli cells lacking both polynucleotide phosphorylase (PNPase) and RNase PH, the only known P i -dependent exoribonucleases, were previously shown to grow slowly at 37°C and to display a dramatically reduced level of tRNA Tyr su 3 ؉ suppressor activity. Here we show that the RNase PH-negative, PNP-negative double-mutant strain actually displays a reversible cold-sensitive phenotype and that tRNA biosynthesis is normal. In contrast, ribosome structure and function are severely affected, particularly at lower temperatures. At 31°C, the amount of 50S subunit is dramatically reduced and 23S rRNA is degraded. Moreover, cells that had been incubated at 42°C immediately cease growing and synthesizing protein upon a shift to 31°C, suggesting that the ribosomes synthesized at the higher temperature are defective and unable to function at the lower temperature. These data indicate that RNase PH and PNPase play an essential role that affects ribosome metabolism and that this function cannot be taken over by any of the hydrolytic exoribonucleases present in the cell.
Of the eight distinct 3Ј-to-5Ј exoribonucleases that have been identified and isolated from Escherichia coli, only two, polynucleotide phosphorylase (PNPase) and RNase PH, catalyze a P i -dependent degradation of RNA leading to the release of nucleoside diphosphates rather than monophosphates (6, 7) . Although these enzymes also catalyze the synthesis of RNA from nucleoside diphosphates, at the in vivo concentration of phosphate, both enzymes would be expected to participate primarily in RNA-degradative reactions (6, 14, 20) . At present, PNPase and RNase PH are the only P i -requiring nucleases known. The primary role of PNPase is thought to be in mRNA degradation (8) , whereas that of RNase PH is in tRNA metabolism (5, 15, 17, 19) . What has not been clear are the specific functions served by these enzymes that require a phosphorolytic rather than a hydrolytic mode of degradation.
As an approach to answering this question, mutant cells lacking both enzymes were constructed (15, 24) . Such cells grew poorly at 37°C, whereas cells lacking only one of the two RNases were essentially unaffected. Moreover, the absence of both P i -dependent exoribonucleases dramatically decreased the level of tRNA Tyr su 3 ϩ suppressor activity to only ϳ10% of that in wild-type or single-mutant cells at 31°C (15, 24) . From these initial studies, it appeared that PNPase and RNase PH have overlapping specificities in vivo and that they might play an important role in tRNA metabolism.
In this paper, the properties of an RNase PH-negative, PNPase-negative double-mutant strain are examined in more detail. The data from this study indicate that cells devoid of both RNase PH and PNPase not only grow poorly at 37°C but are extremely cold sensitive in their growth. Surprisingly, despite the decreased suppressor activity, tRNA synthesis and processing in the double-mutant strain are apparently normal. In contrast, ribosome structure and function are severely affected, particularly at lower temperatures. These findings indicate that in addition to their roles in tRNA and mRNA metabolism, the P i -dependent exoribonucleases also serve an essential function that affects ribosomes.
Cold-sensitive phenotype of RNase PH-negative, PNPasenegative cells. On YT plates, the cells of the double mutant CA244 Rph Ϫ Pnp Ϫ (lacZ trp relA spoT rph::cam pnp::Tn5) (15, 24) displayed a slow-growth phenotype that became more pronounced as the incubation temperature was decreased. Thus, at 31°C, 2 to 3 days of incubation were needed for the production of visible colonies, and no growth was observed even after 1 week when cells were incubated at 21°C. Single mutants lacking RNase PH produced colonies similar in size to those of the wild type at all the temperatures examined, while PNPase single-mutant colonies were slightly smaller at all temperatures tested. Interestingly, much less of a growth defect was observed on minimal-medium (M9-glucose) plates. At 37°C, colonies of double-mutant cells were similar in size to those of the single mutants and the wild type. At 31°C, the double-mutant colonies were smaller but the difference in growth compared to the single mutants and wild type was much less pronounced than on rich medium.
A more quantitative measure of the growth rates of the various strains was obtained from determination of doubling times in liquid culture (Table 1) . At 42°C, the doubling time of the RNase PH-negative, PNPase-negative double mutant in YT-glucose medium was twice that of the wild type; at 37°C, this difference increased to 5-fold, and at 31°C, the doublemutant cells grew more than 10 times more slowly. In contrast, RNase PH-negative or PNPase-negative single-mutant cells had doubling times similar to those of the wild type at all three temperatures. These data demonstrate that cells lacking both RNase PH and PNPase display a severe cold-sensitive growth phenotype and that some metabolic process is strongly dependent on the presence of a P i -requiring RNase.
To ensure that the observed phenotype is, in fact, due to the absence of RNase PH and PNPase, strain CA244 Rph Ϫ Pnp Ϫ (15, 24) was transformed with plasmid pBRPH (derived from plasmid pPP1, which was obtained from K. F. Jensen) and, separately, with plasmid pKAK7 (obtained from S. Kushner), which carry only the wild-type rph and pnp genes, respectively. Introduction of either plasmid completely reversed the coldsensitive growth phenotype of the double mutant (Table 1) . These findings indicate that the loss of RNase PH and PNPase completely accounts for the observed cold sensitivity. The reversibility of the double-mutant strain's cold sensitivity was examined in a temperature shift experiment (Fig. 1) . Wild-type and mutant cell cultures growing at 42°C were diluted and shifted to 31°C for the periods of time indicated in Fig. 1 ; for a portion of the culture, this was followed by a shift back to 42°C. Upon decreasing the temperature to 31°C, growth of the wild-type cells continued (Fig. 1A) , although with a slower doubling time than at 42°C. The RNase PHnegative, PNPase-negative cells (Fig. 1B) , in contrast, rapidly ceased growing upon temperature downshift and remained in this condition for the remainder of the experiment (over 6 h). When the temperature was returned to 42°C, both wild-type and double-mutant cells resumed growth at their 42°C rate after an identical lag period of about 1 h. These data suggest that the affected cellular component responsible for the cold sensitivity of the RNase PH-negative, PNPase-negative mutant is able to function at 42°C but rapidly loses activity at 31°C. However, this component can be reactivated as rapidly as its wild-type counterpart upon elevation of the temperature to 42°C.
Effect of RNase PH and PNP mutations on tRNA biosynthesis. Earlier studies (15) had shown that su3 suppressor activity expressed from a single-copy plasmid is greatly reduced in an RNase PH-negative, PNP-negative strain. To determine whether this decreased activity reflected a reduced level of tRNA ϩ compared to the wild type (lane 1) or to the single mutants (lanes 2 and 3), nor was there any accumulation of tRNA precursors despite the fact that suppressor activity was dramatically reduced in the same cells. Thus, the ϳ90% reduction in suppressor activity apparently was not due to a reduced amount of suppressor tRNA.
Five other tRNAs, encoded by the chromosome rather than by a plasmid, were also examined by Northern blotting (data not shown). As with the plasmid-borne tRNA gene, there was no defect in the maturation of tRNA Arg in cells lacking RNase PH and PNPase. These data show that it is unlikely that the cold sensitivity of the RNase PH-negative, PNPase-negative double mutant is due to a defect in the processing of tRNA precursors. Rather, as will be shown below, the RNase PH-negative, PNPase-negative double-mutant cells contain altered ribosomes which could affect the ability of the suppressor tRNA to function properly.
Effect of RNase PH and PNP mutations on ribosomes. Coldsensitive mutants of E. coli often are defective in ribosome metabolism (1, 4, 10, 12, 23, 25) . Therefore, we compared the status of ribosomes isolated from differentially labeled wildtype and double-mutant cells during steady-state growth at three different temperatures (Fig. 3 ). Ribosomes were prepared in low-Mg 2ϩ buffer (0.3 mM) so that the 30S and 50S ribosomal subunits could be assessed individually. Shown in Fig. 3C are ribosomal subunits isolated from cells grown at 31°C. Major differences between the ribosome profiles of the wild type and the RNase PH-negative, PNPase-negative mutant were seen at this temperature. The double-mutant cells contained only a small quantity of isolable 50S subunits; in addition, particles sedimenting at a size smaller than 30S accumulated, suggesting either degradation or incomplete assembly of the 50S subunits. At 37°C, more particles of the sizes 30S and 50S accumulated in the double mutant; however, there was still a major deficiency of the 50S particles compared to the wild type (Fig. 3B) . At 42°C, the ribosomal subunit profile of the mutant was much closer to that of the wild type, although even at this temperature the ratio of 50S to 30S subunits remained somewhat abnormal (Fig. 3A) . Thus, these data reveal a close correlation between the degree to which ribosome profiles are altered and the relative growth rates of the mutant cells at the three temperatures (Table 1) , supporting the conclusion that the ribosome alterations are related to the cold sensitivity of the mutant cells.
It should be noted that even though ribosomes isolated from cells grown at 42°C appear nearly normal by sedimentation analysis, they apparently cannot function at lower temperatures. As presented in Fig. 1B , mutant cells downshifted from 42 to 31°C rapidly ceased growing. Radioactive labeling following the downshift revealed that protein synthesis also shut off completely (Fig. 4B) ; RNA accumulation, on the other hand, proceeded in the mutant, although at a slower rate (Fig.  4A) . Based on sedimentation analysis, the preexisting ribosomes synthesized at 42°C were stable for at least 45 min at 31°C (data not shown). Thus, these data suggest that while ribosomes made at 42°C can function at that temperature, they nevertheless must differ in some way from wild-type ribosomes.
Effect of RNase PH and PNP mutations on ribosomal RNA. To further assess the effect of the RNase PH and PNPase mutations on ribosomes, the integrity of the rRNA was also examined. As shown in Fig. 5 , there was a dramatic difference in the rRNA profiles of the wild-type and RNase PH-negative, PNPase-negative cells. At 42°C (Fig. 5A) there was a significant reduction in the ratio of 23S to 16S rRNA in the mutant compared to the wild-type ratio, with a concomitant increase in RNA smaller than 16S. This deficiency in the amount of 23S rRNA was even more pronounced at 37°C (Fig. 5B) . At that temperature, much less RNA was present in the 23S region and there was a large increase in RNA sedimenting between 4S and 16S. A similar experiment, run under slightly different conditions, was also performed with RNA prepared from cells grown at 31°C. At this temperature, a broad peak sedimenting between 4S and 16S was found and almost no 23S RNA was present (data not shown). These data indicate that the altered ribosomal-subunit profiles seen in Fig. 3 result from extensive rRNA degradation, especially of 23S RNA.
The data presented here show that RNase PH and PNPase, the only two P i -dependent RNases known, play an essential role in ribosome metabolism in E. coli. What specific function
FIG. 2. Northern blot analysis of tRNA
Tyr su 3 ϩ in wild-type and mutant cells. Vector pOU61 (16) or plasmid pOUCCA encoding the suppressor tRNA (15) were transformed into wild-type and single-or double-mutant strains. Cells were grown at 31°C and harvested at an A 550 of ϳ1.0. Total small RNAs were isolated as described previously (18) . Electrophoresis was performed on a 6% polyacrylamide-8.3M urea sequencing gel run at 1,600 V until the xylene cyanol dye had migrated 29 cm. RNA was transferred to a GeneScreen Plus membrane (DuPont) by electroblotting. tRNA was detected with the 14-mer deoxyoligonucleotide AGATTTAGAGTCTG, complementary to the anticodon region. Lanes for cells with plasmid pOUCCA: 1, wild-type cells; 2, PNPase-negative cells; 3, PH-negative cells; 4, PH-negative, PNPase-negative cells. Lane 5, wild-type cells with plasmid pOU61 .   FIG. 3 . Sedimentation analysis of ribosomal subunits from wild-type and RNase PH-negative, PNPase-negative mutant cells. S30 supernatant extracts were prepared from wild-type ( 32 P-labeled) and RNase PH-negative, PNPasenegative ( 3 H-labeled) cells grown in BT medium supplemented with 0.2% glucose (9) and either 32 P i or [ these nucleases might serve remains to be determined. Both enzymes are 3Ј-to-5Ј exoribonucleases (6, 7) . Yet, none of the other hydrolytic 3Ј-to-5Ј exoribonucleases present in E. coli can substitute for RNase PH or PNPase in this process under the usual cellular conditions. We have found that overexpression of one hydrolytic exoribonuclease, RNase II, can partially complement the cold-sensitive phenotype of the RNase PH-negative, PNPase-negative double mutant, but not as well as can be done by even a single chromosomal copy of either the rph or pnp gene (26) . Thus, whatever process is carried out by RNase PH or PNPase, a P i -dependent exoribonuclease is critical. The specific requirement for a P i -dependent nuclease raises the interesting possibility that P i levels might influence ribosome metabolism and, ultimately, protein synthesis in vivo. Under low-P i conditions, RNase PH and PNPase would be relatively inactive, resulting in a situation similar to that in the double mutant.
The phenotype of the RNase PH-negative, PNPase-negative double mutant is reminiscent of that seen in a number of other cold-sensitive mutants that are affected in various aspects of ribosome biogenesis (1, 4, 10, 12, 23, 25) . The defect in the RNase PH-negative, PNPase-negative cells is observed at all temperatures, but at 31°C it is so severe that very few intact large subunits are present, which explains why mutant cells are essentially unable to grow at that temperature. The reduction in the number of intact 50S subunits is accompanied by degradation of the 23S rRNA and the formation of products sedimenting between 4S and 16S. These findings are most consistent with an assembly defect at 31°C in which rRNA is synthesized but, because the 50S subunit cannot be assembled properly, its RNA is left unprotected and is ultimately degraded. At 42°C, the assembly defect is overcome and ribosomes are made. However, these ribosomes appear to be abnormal, as shifting to 31°C shuts off protein synthesis immediately. How the absence of RNase PH and PNPase might lead to such effects on ribosome biogenesis remains to be determined. In addition to direct effects on rRNA processing, effects that are more indirect, such as maturation of an mRNA for a ribosomal protein or for an assembly or modification protein (11) , also can be envisaged. Distinguishing among these possibilities will be challenging, as much remains to be learned about the details of ribosome biogenesis.
It should be noted that PNPase has been reported to be a cold shock protein (2, 13) . It has also been shown that E. coli and Bacillus subtilis strains lacking PNPase display cold-sensitive growth at temperatures of 23°C and below (21) . However, we have not observed cold sensitivity of the PNPase mutant at 31°C (Table 1) . A PNPase mutation has also been implicated in increased sensitivity of E. coli to antibiotics (22) . RNase PH of B. subtilis has been found to suppress a number of coldsensitive mutations of E. coli (3) . These diverse observations, together with the information presented here, identify a variety of unexplained functions for the P i -dependent exoribonucleases. Clearly, further studies will be necessary to unravel the complexities of these unusual nucleases.
